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Abstract
We calculate the rate per unit volume of hydrogen-poor superluminous su-
pernovae (SLSNe-I) based on the 17 events discovered with the Pan-STARRS1
Medium Deep Survey (PS1 MDS). Two forms of the luminosity function (LF)
are assumed : a log-normal form and a single power-law form, respectively. The
rate of SLSNe-I is assumed to be proportional to the cosmic star formation rate
with an additional redshift evolution of (1 + z)α. Our results show that the
single power-low form fits the data better than the log-normal form, and the
event rate of SLSNe-I is proportional to the cosmic star formation rate directly
(with α = 0). We measure the SLSNe-I rate to be about 40 yr−1Gpc−3 at a
weighted mean redshift of z = 0.89, which is consistent with previous works.
Keywords: supernova:general
1. Introduction
In the last decade, a class of superluminous transients was detected, which
appear to be 10 - 100 times brighter than the normal core-collapse supernovae
at peak luminosity. They were labeled as Superluminous Supernovae (SLSNe)
[1, 2], whose total radiated energy could be 1051 erg. According to strength
of the hydrogen emission lines in the spectrum, SLSNe can be divided into
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two main types: hydrogen-rich SLSNe (SLSNe-II) and hydrogen-poor SLSNe
(SLSNe-I). Most SLSNe-II exhibit narrow Balmer lines in their spectra, which
are similar to these of Type IIn SNe. They are thought to be powered by
the interaction of the blast wave with the dense circumstellar medium (CSM)
[3, 4, 5, 6]. SLSNe-I are the H-poor SLSNe. They must be explosions of stellar
cores stripped from their H-rich envelopes. Different from the SLSNe-II, the
luminous emission of SLSNe-I is widely suggested to be powered by a newborn
neutron star[7, 8, 9].
Until 2018, there were about 30 SLSNe-I with both multiband photometric
light curves and complete spectra available in literatures [10, 11]. Although the
specimen number is relatively small, they still have been used to estimate the
SLSNe-I event rate and explore the intrinsic luminosity function. For example,
[10], where 16 SLSNe-I were used, suggested that a Gaussian form of the LF
could fit the absolute peak magnitudes of SLSNe-I well within 1 σ errors. [11]
also found that the magnitude distribution of SLSNe-I is a Gaussian-like form
with a low standard deviation. However, they argued that the Gaussian form
can not necessarily represent their intrinsic LF because of the still small SLSNe-I
number. It remains unclear whether SLSNe-I belong to the normal supernovae
population or could be an independent population. The latest research shows
that also low luminosity SLSNe-I may exist. It will be a challenge for a Gaussian-
like form of the LF to explain these low luminosity SLSNe-I. The rates of SLSNe-
I at different redshifts have been estimated by several authors [12, 13, 14, 15,
16, 17].
The uncertainties of the LF and the SLSNe-I rate largely result from the fact
that the analyzed data were combined with different detectors (whose observa-
tion field, response time and the limiting magnitude are diverse). Fortunately,
[18] present a new SLSNe-I sample from the Pan-STARRS1 Medium Deep Sur-
vey (PS1 MDS), which is an unified survey with consistent cadence and clear
footprint. Therefore, we will use this full and uniform data set to explore the
event rate and the LF of SLSNe-I. We assume the SLSNe-I rate trace the cosmic
star formation history with an additional redshift evolution, e.g. ∝ (1+z)α, and
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two forms of LF are assumed: a log-normal one, and a single power-law one. By
fitting the redshift and the luminosity distributions of SLSNe-I simultaneously
with our model, we could constrain its event rate and LF.
The paper is organized as follows. In section 2, we give an introduction to
PS1 MDS and present the observational data. The luminosity threshold of PS1
MDS are also calculated. In section 3, models which apply to constrain the LF
and the SLSNe-I rate are presented. Conclusions and discussions are given in
Section 4.
2. Observation of Pan-STARRS1 medium deep survey
2.1. Observational distribution of SLSNe-I
We only use the 17 SLSNe-I from the one single homogeneous Pan-STARRS1
Medium Deep Surveyz (PS1 MDS) to explore the SLSNe-I rate and the LF.
These data is taken from [18], where the criteria for screening the SLSNe and
the redshifts of the SLSNes (via statistics and analysis of the four year PS1
MDS) are presented. The peak luminosity could be calculated by assuming
bolometric light curves for SLSNe-I, where a K-correction with the SNAKE
method should be considered [18, 19]. Following [18], we list their final results
and the corresponding characteristics of the 17 SLSNe-I in Table 1, and the
z − L distribution of these 17 SLSNe-I is presented in Fig.1.
2.2. Detection threshold of PS1 telescope
The PS1 is a wide field detection instrument, located at Haleakala, which
mainly includes a 1.8 m diameter primary mirror and a series of pixel detectors
[20, 21]. The 1.8 m PS1 telescope with the most advanced digital camera to
date has a field of view of 7 square degrees. The PS1 MDS consists of ten fields
(PS1 footprints) whose total field of view could reach 70 square degrees at high
galactic latitudes spaced around the sky [22]. The PS1 MDS are observed in a
multi-band with gp1rp1ip1zp1yp1 5 bands. The depth of gp1rp1ip1zp1 in the
PS1 telescope is about 23.3 mag (5σ), with yp1 a typical depth of ∼ 21.7 mag.
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For simplicity, we choose a typical limiting magnitude of m = 23 for the whole
bands to explore the observational threshold of the telescope.
The limiting magnitude of the PS1 can be regarded as the apparent mag-
nitude of the faintest source that can be detected by the PS1 telescope. The
relation between the absolute magnitude and the apparent magnitude can be
written as:
M(z) = m+ 5− 5 lg dL(z), (1)
where dL is the luminosity distance of the source,
dL(z) = (1 + z)c
∫ z
0
H(z′)−1dz′, (2)
and the Hubble parameter
H(z) = H0
√
(1 + z)3Ωm,0 +ΩΛ,0, (3)
where a flat ΛCDM universe is assumed, with the cosmology parameters: Ωm,0 =
0.27 , ΩΛ,0 = 0.73 , and H0 = 70 km s
−1 Mpc−1.
The relation between the absolute magnitude and the luminosity can be
written as:
lg
L(z)
L⊙
=
1
2.5
(M⊙ −M(z)), (4)
where L⊙ and M⊙ represent the luminosity and the absolute magnitude of the
Sun, respectively.
By substituting Eq.(1) into Eq.(4), we could drive the observational lumi-
nosity threshold for PS1 by
Lth(z) = 10
1
2.5
(M⊙−M(z))L⊙, (5)
which is shown as the solid red line in Fig.1.
3. The model and results
3.1. Luminosity function of SLSNe-I
In the previous works, the LF of SLSNe-I is usually assumed to be a Gaussian-
like form, which is the same as that for the normal supernovae [10]. Observations
4
● ●●
●
●
●
●
●
●
●
● ● ●
●
●
●
0.4 0.6 0.8 1.0 1.2 1.4 1.6
1×1042
5×1042
1×1043
5×1043
1×1044
5×1044
1×1045
Redshift
L
u
m
in
o
s
it
y
(e
rg
/s
)
Figure 1: Distribution of 17 SLSNe-I in a z − L diagram. The solid line represents the
observational luminosity threshold of PS1 Telescope with the corresponding limit magnitude
of m = 23.
from the subsequent studies also support this result ( e.g., [11, 18]). However,
recent studies suggest that low luminosity SLSNe-I may exist [18, 23], which
will make the form of the LF to be different. Therefore, the actual form of
the LF may be far from a Gaussian distribution. Following the studies of the
LF of long gamma-ray burst (LGRB) and the intrinsic energy function of fast
radio bursts (FRB) (e.g., [24] for GRBs, [25] for FRBs), we suggest that a sin-
gle power-law form LF for SLSNe-I is possible and empirically valid. Based
on the current observations and theoretical analysis, we introduce a log-normal
form and a power-law form LF for SLSNe-I. By fitting the distributions of the
observed data with our model, we try to explore the intrinsic LF. The specific
expressions of the two LF are as follows:
1) The log-normal form of the LF for SLSNe-I:
Φ1(L) ∝ exp[
−(lgLp − lgLµ)
2
2σ2
], (6)
where Lµ and σ are the free parameters determined by the intrinsic luminosity
distribution of SLSNe-I, Lµ represents the average peak luminosity, σ represents
the standard deviation of the log-normal distribution.
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Table 1: 17 SLSNe-I with measure redshift
Object Redshift TBB at peak Peak Lum
[K] [1044 erg s−1]
PS1-12cil 0.32 13000 0.50
PS1-14bj 0.5125 7000 0.46
PS1-12bqf 0.522 11000 0.47
PS1-11ap 0.524 10000 1.63
PS1-10bzj 0.65 17000 1.17
PS1-11bdn 0.738 16000 4.39
PS1-13gt 0.884 6000 1.25
PS1-10awh 0.909 16000 2.16
PS1-10ky 0.956 16000 2.75
PS1-11aib 0.997 10000 2.24
PS1-10ahf 1.10 10000 1.137
PS1-10pm 1.206 8000 2.56
PS1-11tt 1.283 9000 2.61
PS1-11afv 1.407 12000 2.32
PS1-13or 1.52 11000 5.20
PS1-11bam 1.565 12000 4.13
PS1-12bmy 1.572 9000 3.51
2) The single-power-law form:
Φ2(L) ∝ L
−γ , (7)
where the index γ is a free parameter.
3.2. The rate of SLSNe-I
As supernova explosions mark the death of a star, SLSNe are expected to
be a tracer of the star formation, and we therefore expect the SLSNe-I burst
rate to trace the star formation rate. To be specific, we assume the SLSNe-I
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burst rate R˙(z) to be proportional to the star formation rate ρ˙∗(z), where an
additional redshift evolution should be considered:
R˙(z) = C(1 + z)αρ˙∗(z), (8)
here α is a free parameter, C is a proportionality constant.
The additional redshift evolution is determined by complicated physical con-
ditions. For example, the special requirements for the origin of SLSNe-I, e.g.,
mass, metalicity and magnetic field of its progenitor (the same as that of the
long GRBs; [26, 27]), the evolution of the LF, the effects of the time delay, and
the observation efficiency of the telescope. The star formation rates at relatively
low redshifts, which have been accurately measured [28], can be described by
ρ˙∗(z) ∝


(1 + z)3.44, z < 0.97,
(1 + z)−0.26, 0.97 ≤ z < 4,
(9)
with the local star formation rate ρ˙∗(0) = 0.02M⊙ yr
−1 Gpc−3.
3.3. Results
The theoretical cumulative SLSNe-I number within a special redshift range is
a function of the LF and the rate of SLSNe-I. Combing Eqs.(5)-(9), the number
of SLSNe-I within the redshift range, zmin < z < zmax can be described by
Nobs<z = T
A
4pi
∫ zmax
zmin
∫ Lmax
Lth(z)
Φi(L)R˙(z)dL
dV (z
′
)
1 + z′
, (10)
where Φi(L) represents different forms of the LF, A/4pi ∼ 1.7×10
−3 is the ratio
between the total field view of PS1 MDS to the whole sky area, T ∼ 4 yr is
the total observation time period, dV (z) is the comoving volume element, and
dV (z)/dz = 4pidc(z)
2c/H(z), (1+z) represents the time dilation of the universe.
In our calculation, we set Lmax = 10
45 erg s−1. The cumulative number within
a luminosity range of Lmin < L < Lmax is describe by
Nobs<L = T
A
4pi
∫ Lmax
Lmin
∫ zmax
zmin
Φi(L)R˙(z)
dV (z
′
)
1 + z′
dL, (11)
where we set the minimum luminosity at L(0.5).
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Figure 2: Normalized cumulative redshift distribution and luminosity distribution of SLSNe-I
for α = −2.5 (dashed line) and α = 0 (dotted line), respectively. The LF is assumed to be a
log-normal form and the corresponding values of the parameters are lgLµ = 44.25, σ = 0.3344.
Combing Eqs.(10) and(11), we could derive the expected redshift and lu-
minosity distributions of SLSNe-I. By iteratively changing the free parameters
mentioned above, some plausible fittings can be found. For the log-normal LF,
we have tried all the possible parameters in a permissible parameter range, but
no valid parameters could be found. We show a feasible fitting with a log-normal
LF in Fig.2 (with the specific parameter values of lgLµ = 44.25, σ = 0.3344 ).
For the single power-law form of the LF, we find that the free parameter of γ
in the range of -2 to 1 is available, and the parameter α within -2.5 and 2 is
acceptable. To get the best fitted values of α and γ, we further fitted the cu-
mulative number distributions of redshift and luminosity, simultaneously. Some
feasible fittings with special parameter values are shown in Figs. 3, 4 and 5.
We find that the value of γ in the single power-law form LF has greater
impacts on the distributions than the redshift evolution of α. Therefore, we set
two values of α (α = 0,−2.5 ) and several more specific values of γ (γ = 0.5,
−1, −1.7), respectively, to find the best fitting results.
We use the AndersonDarlingTest to get the best fitting results. The values
of the fitting parameters and the goodness of the fits (both in redshift and
luminosity) are shown in Table 2, where a higher P value represents a better
fitting result.
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Figure 3: The normalized cumulative redshift distribution and luminosity distribution for the
single power-law LF with γ = −1.7, the dotted and dashed lines are for α = −2.5 and α = 0,
respectively.
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Figure 4: The same as Fig.3, with γ = −1
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Figure 5: The same as Fig.4, with γ = 0.5
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Table 2: Parameters and test results
Parameter α = −2.5 α = 0 α = −2.5 α = 0 α = −2.5 α = 0 α = −2.5 α = 0
γ = −1.7 γ = −1.7 γ = −1 γ = −1 γ = 0.5 γ = 0.5 log− normal log − normal
Ptest(z) 0.90986 0.999805 0.995959 0.722396 0.832157 0.576525 0.74805 0.565005
Ptest(L) 0.989138 0.980619 0.846204 0.617766 0.503399 0.50118 0.560665 0.518076
The best fitting results for both redshift and luminosity distributions are
obtained (with Ptest(z) = 0.999805 and Ptest(L) = 0.989138 ), and the best
fitting values of the parameters are γ = −1.7 and α = 0, as shown in Table 2. It
is obvious that the single power-law LF fits the data better than the log-normal
LF, and it seems that the SLSNe-I burst rate follows the cosmic star formation
rate directly without a redshift evolution (with α = 0).
With the best fitting parameters of γ = −1.7 and α = 0 given above, we
normalized Eq.(7) with γ = −1.7 and equal Eq.(10) (with z1 = 1.6 and α = 0) to
the observed number of SLSNe-I (Nobs = 17), the constant coefficient C between
the SLSNe-I rate and the star formation rate can be well determined. Finally,
the SLSNe-I rate is estimated to be around 40 yr−1 Gpc−3 at redshift z = 0.89
(the volume-weighted centre of the 0 < z < 1.6 range), which is consistent with
the results of previous works.
4. Summary and discussion
We assumed that SLSNe-I rate is proportional to the star formation rate
with an additional redshift evolution of (1 + z)α and the LF takes the form of
log-normal form and a single-power-law, respectively. By fitting the distribution
of the 17 SLSNe-I detected by Pan-STARRS1 both of redshift and luminosity
with our model, a rough valid parameter space of single-power-law form LF
is obtained. On the other hand the log-normal one does not fit. This result
indicates that the intrinsic LF of SLSNe-I is more likely to be a single-power-
law form rather than log-normal form, which could be supported by the future
observations. Furthermore, we were able to narrow down the parameters in
10
the single-power-law form LF and the SLSNe-I rate, the result being the best
fitting (with parameters γ = −1.7 and α = 0) which illustrates that the rate
of SLSNe-I is proportional to the cosmic star formation rate directly. This
result may highlight that the SLSNe-I explosions originate from the death of
some peculiar type of massive stars. Based on the parameters of the best fit,
we further estimate the event rate of SLSNe-I as 40 yr−1 Gpc−3 at a volume-
weighted redshift of z = 0.89, which is well consistent with the current literature.
In future analysis, with a more accurate SLSNe-I rate and a magnetar formation
rate, the ratio of the magnetic star in the SLSNe-I could be estimated, which
can be used to independently constrain the magnetar model of SLSNe-I.
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